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A non-perturbative method of Field Correlators (FCM) is applied to study speed of sound
in quark-gluon plasma at temperatures above the deconfinement transition 1 < T/Tc < 3
under a uniform magnetic field up to eB ∼ 1 GeV2. The speed of sound in nf = 2 + 1
QCD quark-gluon plasma is found to exceed the conformal limit (c2s =
1
3 ) at very large
magnetic field strengths eB > 0.5 GeV2. At large temperatures, the speed of sound tends to
the conformal limit; low-temperature behavior demonstrates inverse magnetic catalysis. The
effect of magnetic field on the speed of sound in quark-gluon plasma is found to be negligible
in any existing Heavy Ion Collision experiment, including
√
sNN = 5.02 TeV Pb-Pb collisions
at LHC.
I. INTRODUCTION
The incredible complexity of the Heavy Ion Collision (HIC) events is now addressed with a stack
of (more or less effective) theories. The fireball of quark-gluon plasma (QGP), which is a nearly
ideal fluid, is described with relativistic hydrodynamics. The hydrodynamic initial conditions and
backgrounds are to incorporate details of a particular experimental setup, HIC or an astrophysical
process.
The thermodynamic properties, equation of state and kinetic coefficients, are inputs for the
hydrodynamic framework (note that equation of state remains relevant even for out-of-equilibrium
fluid dynamics [1]; i.e. in the Borel-resummed fluid dynamics, the non-equilibrium corrections are
absorbed into shear and bulk stresses). The properties may be obtained within various frameworks
and models, e.g. Nambu-Jona-Lasono model, holographic models, linear response theory, lattice
simulations.
Speed of sound is an essential parameter in a hydrodynamic model, yet a noteworthy QGP
property. It is well-defined at the thermodynamic limit, and was calculated with FCM [5] in the
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2absence of magnetic field. On the other hand, it is immediately computed using HIC charged
hadrons transverse momenta distribution and charged multiplicity data [2].
An exceptional feature of HIC is emergence of extremely large magnetic fields (m.f.). The
averaged m.f. influence on the hydrodynamics of QGP forming in HIC is imprinted in the elliptic
flow [4]. In the present paper, we study the influence on a deeper level — we investigate if the
m.f. substantially affects thermodynamics of QGP. In particular, if the m.f. significantly affects
speed of sound in QGP.
The paper is organized as follows. In section II we generalize the FCM speed of sound formula
to the case of a nonzero m.f. In section III we present a numerical evaluation of our analytical
result. Section IV contains conclusion and discussion.
II. QGP SPEED OF SOUND IN MAGNETIC FIELDS
The extremely strong initial m.f. drops about few orders of magnitude during QGP formation
process, which takes time t0 ∼ 1 fm/c. Before QGP formation, the initial m.f. decays as in vacuum
t−3, so the remnant m.f. value is sensitive to QGP formation time t0. However, t0 is an ill-defined
quantity, so we are unsure of the magnetic field strength in a particular experiment. We accept the
conservative upper bound on m.f. in a realistic experiment, including the
√
sNN = 5.02 TeV Pb-Pb
collisions at LHC, as eB < m2pi [3].
The remnant m.f. is ’frozen’ in the QGP fireball due to its large electric conductivity. Further-
more, the remnant m.f. is dominant over the induced due to plasma motion, or valence, m.f. [3].
In what follows, we associate the external m.f. with remnants of the initial m.f.
We start from thermodynamic description of QGP in magnetic field [6]. Assuming validity of
isotropic picture, the pressure reads
P =
NceqBT
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Here s is the proper time, B – magnetic field, Nc – number of colors, eq – quark charge, Mq =
3√
m2q +
1
4M
2
f , q = u, d, s , mq – bare quark mass. M
2
f = 4aσs(T ), a ≈ 1 is the non-perturbative
Debye mass, which emerges from color-magnetic confinement, and increases with temperature as
σs(T ) = c
2
σg(T )
4T 2, cσ = 0.566∓ 0.013 [7].
QCD string tensions of strings in different gauge group representations are related according to
the Casimir scaling law. Thereby, the Polyakov loops and Debye masses in different representations
are simply connected by the corresponding Casimir operators relation, in the present case — adjoint
(for gluons) and fundamental (for quarks): Ladj = L
9
4
f , M
2
adj =
9
4M
2
f .
We utilize the isotropic definition of speed of sound in QGP under magnetic field
c2s =
dP
d
∣∣∣∣
B=const
, (5)
where  is energy density
 = T
dP
dT
− P. (6)
The major part of uncertainty is spawned by the neglected higher orders in the standard QCD
perturbation theory, which is ∼ α2s. On top of the usual FCM approximations, we also neglect the
Debye mass dependence on m.f. Due to analytic structure of the formulae, the speed of sound is
mildly affected by the relatively small Debye mass variance . Moreover, the dependence is expected
to be negligible even for large m.f. eB ∼ 1GeV2. In result, we estimate the total error to be at most
15% in the considered parameters range.
III. NUMERICAL RESULTS
We computed speed of sound in nf = 2 + 1 QCD matter by means of the corresponding series
(2) partial summation. We plot the speed of sound squared in Figure 1, relation
c2s,B
c2s,0
in Figure 2
and Figure 3.
At large magnetic fields eB ∼ 1 GeV2, we find the conformal limit excess to be reliably estab-
lished. However, at realistic magnetic fields eB ∼ m2pi the speed of sound change is overlapped by
the uncertainties.
The Polyakov loop dependence L(T,B) was extracted from the lattice data [12]. The non-
perturbative numerical input data were normalized [6] as to reproduce the correct QGP pressure
values at B = 0 in accordance with lattice simulations [8–11]. The Polyakov loop uncertainty does
not result in a significant uncertainty of the result.
4Figure 1: Speed of sound squared in QGP as function of T/Tc, where Tc = 0.16 GeV at various magnetic
field strengths eB [GeV2].
Figure 2: Relative square of the speed of sound as function of T/Tc at various eB [GeV2].
Figure 3: Relative square of the speed of sound as function of T/Tc at eB = m2pi.
5IV. CONCLUSION AND DISCUSSION
We calculated the speed of sound in QGP under a uniform magnetic field. We explicitly showed
that for magnetic fields eB > 0.4GeV2 the speed of sound exceeds the conformal limit. Though
the Polyakov loop is sensitive to the magnetic field, the effect is dominated by the transverse quark
motion quantization — the effect is qualitatively reproduced even if the Polyakov loop dependence
on magnetic field is neglected. The low-temperature c2s dependence on B suggests inverse mag-
netic catalysis, which is in line with independent earlier predictions [6, 13]; however, the result is
qualitative.
The principal result is mundane: the speed of sound changes significantly for large magnetic
fields that are unattainable so far. As for realistic magnetic fields that emerge in LHC or RHIC
collisions, the speed of sound variation is indistinguishable (see Figure 3) within our accuracy. So
hydrodynamic description with zero magnetic field speed of sound is perfectly applicable.
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